An analysis of electron spin resonance (ESR) spectra from compositions along the liquid-ordered (L o ) and liquid-disordered (L d ) coexistence curve from the brain-sphingomyelin/ dioleoylphosphatidylcholine/cholesterol (SPM/DOPC/Chol) model lipid system was performed to characterize the dynamic structure on a molecular level of these coexisting phases. We obtained 200 continuous-wave ESR spectra from glycerophospholipid spin-labels labeled at the 5, 7, 10, 12, 14, and 16 carbon positions of the 2 nd acyl chain, a sphingomyelin spin-label labeled at the 14 carbon position of the amide-linked acyl chain, a headgroup-labeled glycerophospholipid, a headgroup-labeled sphingomyelin, and the cholesterol analogue spin-label cholestane all within multi-lamellar vesicle suspensions at room temperature. The spectra were analyzed using the MOMD (microscopic-order macroscopic-disorder) model to provide the rotational diffusion rates and order parameters which characterize the local molecular dynamics in these phases. The analysis also incorporated the known critical point and invariant points of the neighboring threephase triangle along the coexistence curve. The variation in the molecular dynamic structures of coexisting L o and L d compositions as one moves toward the critical point is discussed. Based on these results, a molecular model of the L o phase is proposed incorporating the "condensing effect" of cholesterol on the phospholipid acyl chain dynamics and ordering and the "umbrella model" of the phospholipid headgroup dynamics and ordering.
INTRODUCTION
According to the two-domain model of cholesterol-containing plasma membranes, the lipid bilayer consists of two coexisting liquid phases. The main biochemical effect of this biophysical model is the co-localization of reactive membrane proteins into lipid phase domains (Lingwood and Simons 2010) . Giant unilamellar vesicles composed of lipids from cell-derived plasma membranes have exhibited two coexisting liquid phases (Baumgart et al. 2007 , Ayuyan and Cohen 2008 , Montes et al. 2007 , Kaiser et al. 2009 ), but the partitioning of marker proteins between the two phase domains varied with the methods of vesicle preparation and were attributed to different lipid phase structure (by measuring "order") and protein compositions (Kaiser et al. 2009 , Levental et al. 2011 ). Furthermore, it was proposed that lipid phase domains in biological membranes continuously vary in size, composition, and order mediated by proteins (Levental et al. 2011) . These studies show that the twodomain model of biological membranes is likely true, but the detailed organization and structure of these lipid phases are dynamic, variable, and sensitive to both type and composition of membrane lipids and proteins.
While studies on lipid bilayers with the compositional complexity of biological membranes are desirable, a more precise description of lipid phase structure in terms of order and dynamics can be obtained on model lipid systems containing a few lipid species without the effects from proteins, although one would thereafter wish to include such effects. In simple binary and ternary model lipid systems containing cholesterol, studies have confirmed the existence of two distinct liquid phases, one being the cholesterol-rich liquid-ordered (L o ) phase and the other being the cholesterol-poor liquid-disordered (L d ) phase, and the coexistence regions of these two phases have been delineated for several ternary systems (Veatch and Keller 2005 , Goni et al. 2008 , Feigenson 2009 , Marsh 2009 ). At constant temperature and pressure the phase diagrams show that the lipid bilayer can consist of coexisting L o and L d phases with continuously varying composition (Smith et al. 2003 , Veatch et al. 2004 , Zhao et al. 2007 , and that the molecular dynamics and ordering of these phases change with composition (Chiang et al. 2004 , Swamy et al. 2006 , Heberle et al. 2010 . In describing lipid phase structure, order can either refer to the orientation of the lipid with respect to the bilayer normal or the degree of lipid packing, which varies from condensed to expansive; however, these two concepts are related in that a bilayer that is condensed and efficiently packed has lipids that are well oriented along the bilayer normal. In addition, the dynamics refers to the motion of the lipid with respect to its preferred alignment. A reasonable assumption, which is generally true, is that dynamics and order are correlated, because the forces that condense the lipids hinder motion and inefficient packing causes free volume, which facilitates more rapid motion; however, in some cases, dynamics and ordering can be less correlated (Korstanje et al. 1989 ). The L d phase is described as the state of the bilayer having fast phospholipid motions, rotational and translational, and acyl chains containing gauche bonds that reorient the chains away from the bilayer normal. On the other hand, the L o phase is described as a state of the bilayer containing cholesterol that also has fast phospholipid motions, especially axial rotation around the bilayer normal, but acyl chains containing trans bonds that order the chains along the bilayer normal. The question still remains how the detailed dynamics and ordering of coexisting L o and L d phases for both the hydrophilic headgroup region and hydrophobic interior containing the phospholipid acyl chains change with varying composition, especially cholesterol, along the coexistence curve.
One of the well-known effects cholesterol has on phospholipid dynamics and ordering is called the condensing effect (Quinn and Wolf 2009 , Rog et al. 2009 , Hung et al. 2007 . The condensing effect of cholesterol is the non-ideal decrease in cross-sectional area per phospholipid with increasing cholesterol concentration (i.e. the decrease in area per phospholipid within the mixture is less than the sum of the areas per molecule from the pure states). A common definition of area per molecule from molecular simulations is the ratio of the total surface area of the mixture to the number of molecules, or to assume that the sterol ring of cholesterol is incompressible (i.e. its area is independent of its concentration), but the partial-specific-area formalism was found the best to demonstrate the condensing effect (Edholm and Nagle 2005) . The decrease in molecular area of the phospholipids is thought to be caused by the induction of trans bonds along the flexible acyl chains which orders them along the bilayer normal. Although the decrease in molecular area upon condensation is clear, the exact mechanism of the condensing effect is debatable with a few models being proposed, including condensed-complexes, template models, and the umbrella model (Radhakrishnan and McConnell 1999 , Daly et al. 2011 , Huang et al. 1999 . The condensedcomplex and template models essentially rely on a stoichiometric chemical compound formation between phospholipid and cholesterol resulting from an ethalpic chemical reaction. During compound formation the acyl chains are extended in an all-trans configuration for a better physical bond with cholesterol, and the condensation results from the extended chains having a smaller cross-sectional area than without cholesterol.
The umbrella model was initially proposed to describe the maximum solubility of cholesterol in phosphatidylcholine bilayers (Huang et al. 1999 ). The umbrella model states that in a bilayer containing cholesterol the headgroups of the phospholipids move and orient in such a way as to shield the hydrophobic surface of cholesterol from water since the hydroxyl group of cholesterol is insufficient on its own; this expansion of the headgroup is concurrent with the condensation of the acyl chains to accommodate the insertion of cholesterol into both the hydrophobic part of the bilayer and at the interface. The umbrella model explains the condensing effect of cholesterol in that the headgroup motion is a cooperative action from the straightening of the acyl chains through trans bonds by cholesterol. Moreover, the degree of condensation or the strength of the interaction between phospholipid and cholesterol depends on both the degree of saturation of the acyl chains, the structure of the interface, which is postulated for the greater preference for sphingomyelin over phosphatidylcholines by cholesterol, and headgroup type (Mannock et al. 2010 .
The goal of this study was to investigate the dynamics and ordering of the coexisting L o and L d phases from the SPM/DOPC/Chol model lipid system in detail. Samples were obtained at compositions along the known coexistence curve that also contain the locations of a critical point and invariant points to the neighboring three-phase region. A variety of phospholipid spin-labels labeled on the acyl chain or headgroup, along with a labeled cholesterol analogue, were used to see how the dynamics and ordering for all parts of the bilayer change with composition. The dynamic and order parameter profiles obtained from spectral analysis show the condensing effect of cholesterol and provide support for the umbrella model. We discuss this also in the context of the coexisting L o and L d compositions (i.e. those that are connected by tie-lines) as they approach the critical point.
MATERIALS AND METHODS

Materials
The phospholipids, brain-sphingomyelin (SPM) and dioleoylphosphatidylcholine (DOPC), and spin labels 1-palmitoyl-2-(5-doxyl stearoyl) phosphatidylcholine (5PC), 1-palmitoyl-2-(7-doxyl stearoyl) phosphatidylcholine (7PC), 1-palmitoyl-2-(10-doxyl stearoyl) phosphatidylcholine (10PC), 1-palmitoyl-2-(12-doxyl stearoyl) phosphatidylcholine (12PC), 1-palmitoyl-2-(14-doxyl stearoyl) phosphatidylcholine (14PC), 1-palmitoyl-2-(16-doxyl stearoyl) phosphatidylcholine (16PC), and dipalmitoylphophatidyl tempo (2,2,6,6,tetramethyl-1-oxy) choline (DPPTC) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). The chain-labeled SPM at the 14 carbon position, sphingosine-2-(14-doxyl palmitoyl) sphingomyelin (14SPM) and the headgroup-labeled SPM analogue (SPMHEAD), was synthesized at Nutrimed Biotech (Ithaca, NY). Cholesterol and the spin-labeled cholesterol analogue, 3β-doxyl-5α-cholestane (CSL) were obtained from Sigma-Aldrich (St. Louis, MO). Stock solutions of the lipids were prepared by diluting or dissolving the shipped stock in chloroform in a sealable vial. Purity > 99% of the lipid stock solutions was determined by thin-layer chromatography for phospholipids in chloroform/methanol/water = 65:25:4 (by volume) and hexane/diethyl ether/chloroform = 7:3:3 for cholesterol. All materials were used without further purification. The purity of stock solutions was checked every three months. The concentration of the phospholipid stock solutions was determined by a slightly modified procedure for the "determination of total phosphorous" published on Avanti Polar Lipid, Inc.'s website for technical information (http://www.avantilipids.com/ TechnicalInformation.html). The concentration of the cholesterol stock solution was determined from an accurate mass (± 0.1mg) of the powdered cholesterol stock and the preparation of the solution in a 50 mL ± 0.05 volumetric flask.
Sample preparation and ESR spectroscopy
Spin-labeled lipid dispersions consisting of SPM, DOPC, and cholesterol were prepared as follows. Measured volumes of lipid stocks and the spin-label stock were dispensed using a Hamilton repeating dispenser into glass test tubes using a 50 μL Hamilton syringe to give the desired lipid compositions. The concentration of spin-label in the lipid dispersion was 0.2% of the total lipids (total amount of lipid = 2 μmoles). These lipid-chloroform solutions were then converted to lipid-buffer suspensions by Rapid Solvent Exchange . The buffer used was 50 mM Tris, 10 mM NaCl, and 0.1 mM EDTA at pH 7.0. The samples were stored under an argon atmosphere in the dark at room temperature for at least 24 hours to reach equilibrium. After a few days the samples were centrifuged and the pellets were transferred to 1.5-1.8-mm-diameter × 100-mm-length glass capillaries with excess buffer. After the samples were centrifuged in the capillaries, the supernatant (excess buffer) was removed to less than a millimeter above the pellet and the ends of the capillaries were flame sealed. Control experiments with select de-oxygenated samples using a glove box showed no significant change in spectra by oxidation of double bounds during sample preparation to measurement.
ESR spectra were obtained on a Bruker Instruments EMX ESR spectrometer at a frequency of 9.3 GHz at room temperature (~23°C). The ESR capillary was placed inside a 2mm NMR tube which was marked to position the sample pellet in the middle of the resonator. This configuration allowed for efficiency and consistency in switching samples, tuning, and sample measurements. The spectrometer settings for all samples were as follows: center field = 3477 G, sweep width = 120 G, microwave power = 2 mW, modulation frequency = 100 KHz, modulation amplitude = 0.5 G, resolution (points) = 1024. The number of scans for each spectrum varied, but the all spectra were adjusted with respect to magnetic field and normalized before analysis.
NLLS spectral fitting
The ESR spectra were analyzed in terms of the MOMD (microscopic-order macroscopicdisorder) model by a nonlinear least squares (NLLS) fitting method using theory based on the stochastic Liouville equation and the Levenberg-Marquadt search method of parameter space (Budil et al. 1996) . The model contains four references frames interconvertible by rotational transformation: 1) the laboratory frame (X L , Y L , Z L ), with its Z-axis being defined as the static magnetic field direction; 2) the local director frame (X d , Y d , Z d ), which is the bilayer-orienting potential frame; 3) the molecular frame (X R , Y R , Z R ) in which the rotational diffusion tensor of the spin-label is diagonal; and 4) the magnetic tensor frame (X m , Y m , Z m ) in which the g and hyperfine (A) tensors are diagonal.
All spin-labels are labeled with a nitroxide moiety that carries the unpaired electron spin and for which the magnetic frame is defined accordingly with the X m axis pointing along the N-O bond, the Z m axis parallel to the 2pz axis of the nitrogen atom, and the Y m axis perpendicular to the others. From the chemical structure and previous studies, all spin-labels used fall into three different classes based on the orientation of the magnetic frame with the molecular frame ( Figure 1 ): the acyl chain labeled phospholipids (5PC, 7PC, 10PC, 12PC, 14PC, 14SPM, 16PC) are called z-ordered (i.e. the Z m axis is parallel to the Z R axis, Z m ∥ Z R ) (Swamy et al. 2006 , Ge et al. 1999 , Ge and Freed 2011 , CSL is yordered (i.e. Y m ∥ Z R ) (Ge et al. 1999 , Barnes and Freed 1998 , and the headgroup labeled phospholipids DPPTC (Ge and Freed 2011 , Ge and Freed 1998 , Ge and Freed 2009 ) and SPMHEAD (Ge et al. 1999) , which is very similar to dipalmitoylphosphotempo (DPP-Tempo) Freed 2009, Ge and ) are x-ordered (X m ∥ Z R ). Because of the quasi two-dimensionality of lipid bilayers and each local layer consisting of oriented lipids, the molecular frame is related to the local director frame via a potential energy function describing the orientation of the spin-label with respect to the bilayer normal (i.e. the Z d axis). The MOMD model describes the structure of lipid molecules (including the spin-labels) within a vesicle dispersion in that the molecules have a preferred local orientation (i.e. along the bilayer normal), but the vesicles in which the molecules reside are closed bilayers, so globally the molecules have random orientations. Operationally, the fitting procedure using the MOMD model involves first calculating a spectrum for each orientation of the bilayer normal with respect to the static magnetic field (i.e. the angle between Z d and Z L is ψ) chosen randomly a pre-defined number of times from a uniform distribution of orientations from 0 to π (25 randomly chosen orientations were chosen in this study) and then the final spectrum for the sample is the average of these spectra.
The two parameter sets used to fit the ESR spectra were the fixed principal components of the magnetic tensors and the variable dynamic and order parameters. The g and A tensor parameters were taken from the literature (Ge et al. 1999 , Ge and Freed 1998 , Earle et al. 1994 , Kurad et al. 2003 ) and shown in Table 1 . The magnetic parameters were fixed for each spin-label when fitting the samples around the coexistence curve independent of the composition of the sample because these parameters were observed to change little with cholesterol concentration (Kurad et al. 2003) . For the chain-labeled spinlabels a simple linear dependence with carbon position along the acyl chain was assumed for the A tensor components (Table 1) ; however, the g tensor components used were the same for all chain-labeled spin-labels. The classes of spin-labels (i.e. z-ordered, y-ordered, and xordered) are related to each other by a cyclical permutation, which was performed before fitting the spectra so that the Z R becomes the principal axis for rotation and ordering. The variable parameter set consists of the principal components of an axially symmetric rotational diffusion tensor for the spin-label molecule (called R ⊥ and R ∥ ), the coefficients for the potential of mean torque (called c20 and c22), and the gaussian inhomogeneous broadening parameters (called gib0 and gib2). The expression for total broadening has the following form (Budil et al. 1996) : (1) The second term applies to the MOMD model and refers to the variation in inhomogeneous broadening caused by different orientations of the spin-label director relative to the static magnetic field. The important dynamic parameters, R ⊥ and R ∥ , describe the motion of the spin-label assuming axial symmetry, with R ∥ being the rotational rate around Z R (i.e. the long axis of the molecule), and R ⊥ being the rotational rate around an axis perpendicular to Z R . The potential energy parameters, c20 and c22, are used to calculate the two order parameters of the spin-label, S 0 and S 2 (Chiang et al. 2004 ). S 0 measures the extent of alignment of Z R with respect to the bilayer normal Z d and S 2 measures the extent to which there is a preferential alignment of the other molecular axes (X R versus Y R ) with respect to Z d .
Sample compositions and fitting procedure
ESR spectra for all 10 spin-labels were obtained at 20 sample compositions that lie on the coexistence curve for the L o + L d coexistence region of the SPM/DOPC/Chol phase diagram ( Figure 2 ). The coexistence curve was known from previous studies with an estimated uncertainty between 2% and 5% (Smith et al. 2003, Smith and . Compositions on the coexistence curve exist at the edge of one phase, either L o or L d , and compositions within the coexistence region exist as two coexisting phases, with the compositions of the coexisting phases given by the tie-line field (i.e. the infinite set of all tie-lines). The tie-line field for the L o + L d coexistence region of the SPM/DOPC/Chol phase diagram was recently determined and is shown in Figure 2 (Smith and Freed 2009) . The data used for the tie-line field determination was 50 16PC spectra within the coexistence region and 20 16PC spectra along the coexistence curve (the same analyzed in this work). The outer hyperfine splittings of the 16PC spectra along the coexistence curve were used to delineate two key phase transition regions, which are the critical point region (CPR) and the end tie-line region (ETR). In determining the tie-line field the critical point and the three-phase invariant points (i.e. end points of the end tie-line bordering the three-phase region) were then located.
Since the compositions on the coexistence curve exist as a single phase, the ESR spectra were analyzed as having only one spectral component. By varying the dynamic parameters (R ⊥ and R ∥ ), the potential energy parameters (c20 and c22), and the broadening parameters (gib0 and gib2) a careful assessment of the best fit to the spectrum at sample 1 was obtained first. Then the parameters of this fit were used as a "seed" or initial parameter set for both sample 2 and sample 20. The procedure of using the parameter set obtained from fitting the previous spectrum to seed the following spectrum was repeated around the coexistence curve until all spectra have been fit. This fitting procedure provided a consistent set of results, despite the ambiguity caused by the limited resolution of MOMD spectra. We require that the parameters obtained from the fit vary smoothly and consistently with composition. This strategy has been successfully employed in fitting spectra varying with temperature . We did not, in this work, perform a multi-frequency ESR study, which has the potential to resolve some of the ambiguities we encountered in this single frequency study (Barnes and Freed 1998 , Lou et al. 2001 , Zhang et al. 2010 ).
RESULTS AND DISCUSSION
The experimental and theoretical (fitted) spectra are provided in the Supplementary Material. We refer to a parameter profile as a dynamic or order parameter, obtained from the fits, plotted against sample number, which refers to the sample composition as shown in Figure 2 . Using the known critical point and adjacent three-phase region (Figure 2 ), the parameter profiles are divided up into L o phases (sample numbers 1 to 9 and 19 to 1) and L d phases (sample numbers 9 to 15). Because sample numbers 16, 17, and 18 lie within the three-phase coexistence region, the fit parameters from this region were excluded from interpreting the dynamics and ordering of the coexisting L o and L d phases.
The dynamic fitting parameters (i.e. R ⊥ and R ∥ ) and the order parameters (i.e. S 0 and S 2 ) obtained from the potential energy fitting parameters have a simple physical interpretation. The greater the value of R ⊥ and R ∥ , the faster the rotation, and therefore the less "friction" the nitroxide moiety experiences to its movement. This reflects packing constraints (i.e. availability or lack of free volume) or pressure fields (i.e. the condensing effect can be seen as lateral pressure compacting cholesterol and phospholipid closer together). The order parameters refer to the alignment of the nitroxide, through the main lipid molecular axis (Z R ), with the bilayer normal; therefore, generally, the higher the ordering the more restricted is the range of motion relative to the bilayer normal. The degree to which the behavior of the nitroxide reflects the behavior of the lipid to which it is attached depends on the substantial rigidity of the attachment; therefore, although the dynamic and order parameters report directly on the state of the nitroxide moiety, the physical structure of the bilayer can still be inferred.
For the chain-labeled spin-labels, the nitroxide moiety is rigidly attached to one of the carbons of the 2 nd acyl chain ( Figure 1) . Therefore, the motion and orientation of the nitroxide predominantly depends on the local gauche/trans bond distribution along the acyl chain. Generally, trans bonds orient the acyl chain more with the bilayer normal tending to yield a large S 0 and gauche bonds (along with cis double bonds) orient the acyl chains more with the perpendicular to the bilayer normal, lowering S 0 . Note that, in this latter case, a negative S 0 is obtained in the limit of perpendicular alignment of Z R with the bilayer normal (Chiang et al. 2004) , although in our case chain dynamics tend to reduce the value of a positive S 0 . The S 2 order parameter distinguishes a difference in ordering of X R and Y R with respect to the membrane normal but also tends to absorb effects of the limits of the MOMD model. It should be noted that with X-band ESR spectra the order parameters reflect a composite of fast and slow motions (Lou et al. 2001) ; the fast methylene bond rotations and the slower rotation of the entire acyl chain and the phospholipid.
For the headgroup-labeled spin-labels the nitroxide moiety is not rigidly attached to the headgroup ( Figure 1) ; therefore, the relevant interpretation of the dynamics and order parameters in terms of the motion and orientation of the entire headgroup is less clear. However, because of the large damping effect of the aqueous medium, a high correlation between the motions of the nitroxide and the whole headgroup is assumed . Lastly, unlike the chain-labeled and headgroup-labeled spin-labels, the dynamic and order parameters for CSL more directly reflect the molecule as a whole, since the nitroxide moiety of CSL is rigidly attached to the sterol ring system (Figure 1 ).
With these physical interpretations of the dynamic and order parameters, we can interpret our results for the compositions around the L o + L d coexistence curve.
Dynamic Structure of L o and L d phases
The chain-labeled spin-labels
3.1.1.1 R ⊥ profiles: The R ⊥ profiles for all chain-labeled spin-labels (i.e. 5PC, 7PC, 10PC, 12PC, 14PC, 14SPM, and 16PC) are plotted in Figure 3 . For all compositions R ⊥ increases with increasing carbon position on the acyl chain. However, the range of R ⊥ is greater for the L o phase than the L d phase. For example, for the L o phase with the highest cholesterol concentration (composition 1, mole fraction cholesterol ~ 45%), the change in R ⊥ between 5PC and 16PC is ca. a factor of 10, whereas for the L d phase with the lowest cholesterol concentration (composition 12, mole fraction cholesterol ~ 5%), the change is ca. a factor of 5. This indicates that the free volume near the end of the acyl chains is greater than near the interface for both the L o and L d phase; however, the difference between these two locations is greater for the L o phase than the L d phase. This results because the change in R ⊥ with composition for the top half of the acyl chain does not depend on the type of phase, whereas the change with composition for the bottom half of the acyl chain does depend on the type of phase.
In the L o phase with decreasing cholesterol and increasing DOPC (compositions 1 to 9), R ⊥ increases greatly for 5PC and 7PC, increases slightly for 10PC and 12PC, and remains relatively constant with a slight decrease for 14PC. But it decreases and then levels off for 14SPM and 16PC as the L o compositions approach the critical point. In the L o phase with increasing cholesterol and decreasing SPM (compositions 19 to 1), R ⊥ decreases or remains constant for 5PC, 7PC, and 10PC, but increases for 12PC, 14PC, 14SPM, and 16PC. This seemingly counter-intuitive result of a decrease (increase) in R ⊥ at the end of the acyl chain with decreasing (increasing) cholesterol content was also observed for 16PC within the L o phase in the DPPC/DLPC/Chol model system (Chiang et al. 2004 ) and between DMPC and a 1/1 DMPC/cholesterol mixture ). In the DOPC-rich L d phase with decreasing cholesterol but increasing SPM (compositions 9 to 12), R ⊥ increases for all spinlabels except for 12PC, which remains approximately constant. In the L d phase with increasing cholesterol and SPM (compositions 12 to 15), R ⊥ decreases for all spin-labels except for 14PC, which remains approximately constant.
In summary, for the top half of the acyl chain, R ⊥ increases with decreasing cholesterol (compositions 1 to 12) and decreases with increasing cholesterol (compositions 12 to 20). This result for the top half of the acyl chains for both the L o and L d phases is consistent with the condensing effect, in which the free volume increases with decreasing cholesterol and vice versa. However, for the bottom half of the acyl chains, especially at the ends, R ⊥ generally increases (decreases) with increasing (decreasing) cholesterol in the L o phase and increases (decreases) with decreasing (increasing) cholesterol in the L d phase. Therefore, within the L o phase, while the top condenses, the bottom expands, and within the L d phase, the top and bottom condense (expand) together. Furthermore, the shape of the profiles for 14SPM and 16PC are basically the same, although R ⊥ was slower for 14SPM, but shape of the profiles for 14SPM and 14PC are different. Differences between 14SPM and 14PC were also observed and attributed to partial interdigitation and the asymmetry of the acyl chains lengths because of their different attachment at the interface, in which the sn-2 chain of 14PC is a shorter than the sn-1 chain and the N-acyl chain of 14SPM is longer than the sphingosine chain (Veiga et al. 2001 , Collado et al. 2005 ).
R ∥ profiles:
The R ∥ parameter is typically very fast for phospholipid acyl chains, and when the rotational rate is much greater than the anisotropic g & A -tensors, the fitting is not very sensitive to that parameter. This was the case for 10PC, 12PC, 14PC, 14SPM, and 16PC; therefore, a more detailed analysis of these profiles with composition was unjustified (they can be found in the Supplemental Material). However, the R ∥ profiles for 5PC and 7PC were sensitive to the fits and, for comparison, were plotted with the R ⊥ profiles for these spin-labels in Figure 4 . For all compositions R ∥ < R ⊥ for 5PC and 7PC, in contrast to all cases lower down the chain. In addition, a pronounced opposite trend with composition exists between the two parameters for both 5PC and 7PC. (We checked that this was not due to any significant correlation between these parameters in the fitting procedure). Also, the two rotational parameters near the top of the acyl chain are clearly a function of cholesterol concentration regardless of phase. R ⊥ increases with decreasing cholesterol (compositions 1 to 12) and decreases with increasing cholesterol (compositions 12 to 20), and R ∥ decreases with decreasing cholesterol and increases with increasing cholesterol.
As mentioned previously, the cholesterol dependence of R ⊥ likely results from the condensing effect on the phospholipids. However, the expectation is that the condensation would slow the axial rotation of the acyl chains (i.e. R ∥ ) with increasing cholesterol and speed up with decreasing cholesterol, but the opposite is observed. A possible explanation is that cholesterol acts as a "spacer" pushing the phospholipids apart and decreasing their interactions both with the acyl chains and headgroups; therefore, the phospholipids and/or acyl chains are freer to rotate. Another explanation is that cholesterol acts like a lubricant that decreases the "friction" of axial rotation, and would imply an absence of compound formation between SPM and cholesterol.
The fact that we find R ∥ < R ⊥ for 5PC and 7PC might, at first, seem surprising, but this has previously been observed in a MD simulation combined with experiment, on 31 P relaxation, from which R ∥ /R ⊥ ≅ 0.1 for the upper portion of the acyl chains (Klauda et al. 2008 ). This was explained by R ∥ being retarded by the strong interactions (e.g. hydrogen-bonds and salt bridges) at the lipid/water interface. In a previous study, from this laboratory (Swamy et al. 2006) it was assumed that R ∥ was very fast, so that the spectra were insensitive to it. Thus no attempt was made to vary R ∥ for 5PC and 7PC, as we have done in the present study, and which has unequivocally yielded R ∥ > R ⊥ at these positions. In another study (Livshits et al. 2004 ), on a different lipid system, where they obtained 9 GHz and 94 GHz spectra, their analysis yielded a result whereby R ∥ approaches R ⊥ in value as one proceeds up the chain, which is in this sense consistent with our results. However, that work used a special wobbling-in-a-cone model and an assumption of motional narrowing to obtain partially averaged g and A tensors from the 94 GHz spectra before fitting the 9 GHz spectra using MOMD. It would be more appropriate, however, to simultaneously fit spectra at both frequencies, especially since at 94 GHz the slowere overall motions still contribute to the spectrum, and at the higher frequencies slow motional analysis is more appropriate (Lou et al. 2001 , Zhang et al. 2010 . In fact, a more advanced model (SRLS) was employed by Lou et al. (2001) to separate local from overall motions from combined 250 GHz and 9 GHz spectra. They found even for 16PC, for the local motions, that R L ∥ < R L ⊥ . In the present work wherein we extensively used just 9 GHz spectra, it was necessary to confine our fitting to the simpler MOMD model, as we have described above. In this case one obtains a composite of local and overall motions (Lou et al. 2001 ). Needless to say, the fitting and interpretation thus depends, at least to some extent, on the nature of the model used. It is encouraging that in this work and that of Livshits et al. (2004) on a different lipid system, both show that R ∥ /R ⊥ decreases as one goes up the acyl chain.
Ordering Tensor Profiles:
The S 0 profiles for all chain-labeled spin-labels are plotted in Figure 5 . Although we encountered only positive S 0 , as noted above, S 2 was either positive or negative, which may reflect a preference for the molecular X R and Y R axes relative to the local bilayer normal, but X-band ESR spectroscopy on MOMD samples is too ambiguous for a meaningful determination. As was shown previously in a multi-frequency ESR study (Lou et al. 2001 ), MOMD at X-band incorporates the composite (i.e. fast and slow) motions of the acyl chains which limits the interpretation of S 2 . (However, S 2 was utilized in a previous study (Chiang et al. 2004) in an attempt to estimate S xx and S yy from an X-band MOMD analysis, but with inconclusive results, as noted by the authors.) A substantial S 2 would either imply biaxial alignment (Lou et al. 2001) or tilting of the acyl chain (Chiang et al. 2004 ), but according to experiments at higher frequencies and better modeling of the motions (Lou et al. 2001) , the ordering indicated by S 2 from X-band alone was unjustified. Therefore, we will not consider the S 2 results in our physical interpretation of phase dynamics and ordering, but the data is provided in the Supplementary Material along with the transformation to the Cartesian representations of the order parameters.
For both the L o and L d phase, S 0 generally decreased with carbon position along the acyl chain. The S 0 profiles with carbon position of the L o phase with the highest cholesterol concentration (composition 1, mole fraction cholesterol ~ 45%) and the L d phase with the lowest cholesterol concentration (composition 12, mole fraction cholesterol ~ 5%) are plotted in Figure 6 . The trend of the order parameter decreasing with carbon position has frequently been observed before by ESR (Swamy et al. 2006 , Hubbell and McConnell 1971 and 2 H NMR (Lafleur et al. 1990 , Bartels et al. 2008 , Clarke et al. 2009 ). Both ESR and NMR reveal that the L o phase has larger order parameters along the entire acyl chain than the L d phase; however, the shape of the profiles given by the two methods is different. The profile from NMR generally has a small change in order for the top half of the chain (called the "plateau" region to about carbon 10) and a large but monotonic convex drop in order towards the end of the chain for the bottom half of the acyl chain; the shape exists for sphingomyelin, saturated and monounsaturated glycerophospholipids, and their mixtures with cholesterol. However, the profile from ESR is more linear for these lipid systems, close to what we observe. The differences observed in ordering by ESR vs. NMR are usually attributable to the shorter time-scale of ESR, so slower motions which provide additional averaging in NMR do not in ESR.
Interestingly, contrary to the general trend, S 0 was higher for 12PC than for 10PC within the L o phase, but they converged in approaching the critical point, and they had approximately the same value near the critical point, whereas S 0 was lower for 12PC than for 10PC within the L d phase as is typically seen ( Figure 5 ). This result in the L o phase shows up as a "dip" in the order parameter profile versus carbon position at position 10 ( Figure 6 ), and the decrease in order within the L d phase around position 10 and 12 shows up as a concave "bulge" (Figure 6) . A dip in order was also seen in 2 H NMR order parameters for DOPC, DOPC/Chol mixtures, and a diunsaturated glycerophospholipid with the cis double bonds on a single acyl chain (Warschawski and Devaux 2005, Baenziger et al. 1991 ); these differences in the NMR order parameter profiles with carbon position emphasize the importance of which acyl chain (i.e. sn-1 or sn-2, unsaturated or saturated) is deuterated. This difference in the order parameter between 10PC and 12PC seems to be the result of the cis double bond of DOPC between carbon 9 and 10 and its interaction with the methyl groups at the end of the β-face of sterol ring of cholesterol and it alkyl chain, which extends approximately between carbon 10 and 12 of the acyl chains. The cis double bond, being rigid and bent, and the protruding methyl groups could open up localized free volume in the L o phase, whereas, within the L d phase, the perturbation would be more diffuse. Furthermore, S 0 for 14SPM was higher than for 16PC within the L o phase, but these order parameters were the same within the L d phase. The difference between 14SPM and 16PC within the L o phase presumably reflects the stronger interaction of cholesterol with sphingomyelin than glycerophospholipids.
The S 0 parameter profiles ( Figure 5) show differences between the L o and L d phases with changes in composition. For most of the L o phase (compositions 2-9), S 0 of 5PC and 7PC decrease slightly with decreasing cholesterol, but are higher and vary sharply for the L o phases with high concentrations of SPM and cholesterol (compositions 19-1). However, also within the L o phase, the bottom half of the acyl chains (i.e. 10PC-16PC) decrease approximately linearly and significantly with decreasing cholesterol, and increase the same way with increasing cholesterol (but 14SPM and 16PC remain constant for the L o phase with high concentrations of SPM and cholesterol, compositions 19-1). For the L d phase (compositions 10-15) S 0 of all carbon positions remained approximately constant, nearly independent of composition.
Summary: Emerging Model:
The dynamic and order parameters of the chainlabeled spin-labels taken together yield an intriguing picture of the L o and L d phases. For the acyl chain within both the L o and L d phases, the off axial rotation (i.e. R ⊥ ) and alignment with the bilayer normal (i.e. S 0 ) decrease with carbon position from top to bottom. For the L d phase, the alignment decreases greatly with carbon position but does not vary much with composition. The rotation also does not change much (less than an order of magnitude) but does vary with cholesterol. For the L o phase, the structures between the top and bottom halves of the acyl chains are different. The off-axial rotation for the top half decreases greatly with increasing cholesterol; however, the rotation for the bottom half either does not change much or increases (especially at the ends) with increasing cholesterol. In addition, the top half of the acyl chain is highly aligned along the bilayer normal and changes little with cholesterol concentration; however, for the bottom half, the alignment with the bilayer normal increases with increasing cholesterol. Therefore, within the L o phase, cholesterol straightens the top half of the acyl chains and decreases off-axial rotation because the ring system induces a greater tendency for trans bonds; concurrently, cholesterol generally increases the motion of the bottom half of the acyl chains because its branched alkyl chain allows free volume for gauche bonds. This rigidifying effect for the top half of the acyl chains and the fluidizing effect for the bottom half caused by cholesterol has previously been observed by ESR in comparing pure DMPC in the L d phase and 1/1 DMPC/cholesterol mixture in the L o phase ).
The headgroup-labeled spin-labels-
The two headgroup-labeled spin-labels used in this work were DPPTC, a glycerophospholipid, and SPMHEAD, a sphingomyelin. Although they are very similar within the hydrocarbon region (i.e. equal chain lengths), the interfacial and headgroup regions are completely different (Figure 1 ). DPPTC has a large choline headgroup and SPMHEAD has a small nitroxide moiety as the headgroup. The R ⊥ and R ∥ profiles of both spin-labels are plotted in Figure 7 . For all compositions and for both spin-labels R ∥ was greater than R ⊥ . The R ⊥ profiles of both spin-labels have no discernible dependence on composition, but are higher in L o phases (compositions 1-9) than L d phases (compositions 9-15). Interestingly, the R ⊥ of DPPTC is significantly larger than for SPMHEAD with the L o phase of high cholesterol concentration (compositions 1-4, 20, mole fraction cholesterol >~ 40%). Unlike the R ⊥ profiles, the R ∥ profiles of both spin-labels are roughly dependent on the phospholipid concentration by increasing with increasing/ decreasing DOPC/SPM (compositions 1-10, 19-20) and decreasing with increasing/ decreasing SPM/DOPC (compositions 10-15). Since the interface of DOPC has weak intermolecular interactions because of a lack of hydrogen-bonding, an increase in its concentration, along with a decrease in SPM and cholesterol, allows more free volume for the headgroup to rotate. However, the interface of SPM has strong intermolecular interactions with each other and DOPC because of extensive hydrogen-bonding capability; therefore, an increase in its concentration, along with an increase in cholesterol and decrease in DOPC, allows less free volume for the headgroup to rotate. Given the greater change in R ∥ these effects seem more pronounced for SPMHEAD than DPPTC. Therefore, within the L o phase the headgroup has more free volume to move along the bilayer surface than within the L d phase, as predicted by the umbrella model (Huang et al. 1999 ).
The S 0 parameter profiles of DPPTC and SPMHEAD are plotted in Figure 8 . Because of the cyclical permutation of the magnetic frame, X m ∥ Z R , S 0 specifies the alignment of the magnetic x-axis of the nitroxide with the bilayer normal. For nearly all compositions S 0 of SPMHEAD is ≥ DPPTC; this reflects the fact that the nitroxide moiety of SPMHEAD is attached directly to the phosphate, which is probably more restrictive in range of motion for sphingomyelins than glycerophospholipids because of hydrogen-bonding. S 0 of SPMHEAD is larger for the L o phase than the L d phase most likely because alignment with the bilayer normal is the more efficient packing for a small headgroup that cannot shield cholesterol from water. However, S 0 of DPPTC for the L o phase is smaller than for the L d phase of high cholesterol concentration (compositions 1-4, 19-20) , implying a greater range of motion away from the bilayer normal and towards the bilayer surface in the L o phase. For a few compositions within the L o phase (compositions 5-9), S 0 was larger than in the L d phase. This local maximum in S 0 of DPPTC coincides with a local maximum in S 0 of CSL (see below), and, in fact, trend similarly in the L o phase, suggesting a relationship between the ordering of the choline headgroup and cholesterol. The order parameter profile for SPMHEAD shows no discernible trend with cholesterol concentration; however, for most of the L o phase (compositions 19-7), S 0 of DPPTC decreases with increasing cholesterol (compositions 19-1) and increases with decreasing cholesterol (compositions 1-7) . Also, generally within the L d phase, S 0 of DPPTC decreases with decreasing cholesterol (compositions 9-11) and increases with increasing cholesterol (compositions 11-15) . Headgroup size of SPM and glycerophospholipids is important in its interactions with cholesterol and are integral to the umbrella model (Terova et al. 2005 , Bjorkbom et al. 2010 ). In agreement, we observed that the ordering of a small headgroup (SPMHEAD) does not depend on cholesterol concentration but a large headgroup (DPPTC) does. Also, we observed that the choline headgroup (DPPTC) in the L o phase has both a greater magnitude and range of motion along the bilayer surface (i.e. away from the bilayer normal) than in the L d phase presumably to shield cholesterol from water; an observation predicted by the umbrella model.
CSL-The nitroxide labeled cholestane spin-label (CSL) is a cholesterol analogue
and is used to study the dynamics and ordering of cholesterol. The R ⊥ and R ∥ profiles of CSL are plotted in Figure 9 . For all compositions R ∥ was at least an order of magnitude greater than R ⊥ , but the difference between the parameters was greater for the L o phase (compositions 1-9, 19-20) than the L d phase (compositions 9-15). R ∥ is only a little larger in the L d phase than in the L o phase. Within the L o phase, R ∥ increases with decreasing/ increasing SPM/DOPC where it reaches a local maximum at sample 10, which has the highest DOPC and lowest SPM concentration; afterwards, within the L d phase, R ∥ dips with decreasing cholesterol to around composition 12, then increases approaching the three-phase region with increasing cholesterol. Within the L o phase, R ⊥ increases by almost an order of magnitude with decreasing/increasing SPM/DOPC approaching the critical point and exhibits a discontinuity near the critical point (between compositions 8 and 9). Within the L d phase R ⊥ is constant with decreasing cholesterol, exhibits a discontinuity between compositions 12 and 13, and then decreases with increasing cholesterol. Moreover, CSL dynamics correlates with the SPM concentration within the L o phase, which is consistent with the preferential interaction between cholesterol and sphingomyelin (Halling et al. 2008 ).
The S 0 order parameter profile of CSL is plotted in Figure 10 . Because of the cyclical permutation of the magnetic frame, Y m ∥ Z R , S 0 specifies the alignment of the axis perpendicular to the magnetic x-axis and z-axis of the nitroxide with the bilayer normal. For most of the L o phase S 0 increases with decreasing SPM concentration (compositions 19-7), but after composition 7 (mole fraction cholesterol ~ 33%) S 0 decreases towards the critical point. Within the L d phase S 0 decreases slightly with decreasing cholesterol (compositions 9-12), but S 0 decreases sharply with increasing cholesterol (compositions 12-15). In mixtures of DMPC/cholesterol, POPC/cholesterol, DMPC/POPC/cholesterol, and DLPC/ DPPC/cholesterol the S 0 order parameter increased with increasing cholesterol in going from the L d phase to the L o phase but reached a plateau around mole fraction cholesterol 3 3% (Chiang et al. 2004, Shin and Freed 1989) , which is similar to our observation (compositions 12-7). As with its dynamics, CSL ordering is dependent on the SPM concentration within the L o phase. Moreover, the most significant observation is that S 0 changes with SPM concentration in the L o phase and cholesterol concentration in the L d phase. In addition, CSL is more disordered in a L o phase containing a high concentration of SPM and cholesterol than in an L d phase containing low concentrations. Interestingly, the transformation of S 0 and S 2 of CSL into the Cartesian representation of the order parameters (see Supplementary Material) shows a large negative S zz (i.e. alignment of Z m with the bilayer normal) within the L o phase, which suggests a strong tilt towards the hydrophobic interior of the bilayer or a "cutting" motion about the axis perpendicular to the steroid ring (Barnes and Freed 1998) . A local biaxial alignment was observed for CSL in DMPC/DMPS mixtures analyzed with multi-frequency ESR spectroscopy and explained by void formation from inefficient packing of the PS headgroups (Barnes and Freed 1998) . A similar reorientation of CSL may be occurring in the L o phase of our system because of void formation from both headgroup expansion and acyl chain condensation, although as we have remarked, there are considerable uncertainties into our determination of S 2 .
Coexistence of L o and L d phases
The key advantage of choosing the SPM/DOPC/Chol lipid system to study the structure of the L o and L d phases is the knowledge of both the phase boundaries and the tie-line field (Figure 2) . Given that the two-domain model has been used for the structure of biomembranes, the tie-line field enables us to compare the structure of coexisting L o and L d phases. Within the gel phase of sphingomyelin and glycerophospholipids, the lipids are efficiently packed with the acyl chains existing primarily in the all trans configuration and the headgroups occupying a minimum volume. The transition from the gel phase to the L d phase mainly occurs within the hydrocarbon region. Gauche isomers distribute along the entire acyl chain, but more frequently towards the ends, and increase their cross-sectional area, while the volume of the headgroup increases slightly Tristram-Nagle 2000, Marsh 2010 ). The acyl chains have a very high degree of dynamics, as evidenced by ESR studies with chain-labeled spin-labels, showing a positional distribution of the nitroxide centered around its carbon position but extending a significant distance away (Vogel et al. 2003) , even suggesting a small but finite probability that the nitroxide of 16PC can reach the interface.
In this regard, we visualize the acyl chains within the hydrocarbon region of the L d phase as the "entanglement of snakes", which is similar to the bulk phase of linear hydrocarbons, but with a lateral pressure profile decreasing along the chains from the interface that aligns them, on average, with the bilayer normal. On the other hand, the L o phase, which has only been observed in mixtures with cholesterol, has significant structural differences from the L d phase. First, the headgroup occupies more volume, aligning more towards the bilayer surface and with a greater rotation. Second, the steroid ring system of cholesterol condenses the top half of the acyl chains into an all trans configuration and decreases its rotation within the bilayer plane; however, the alkyl chain of cholesterol disorders the bottom half of the chains and increases its rotation . The combination of the expansion of the headgroup and condensation of the top half of the acyl chains could possibly form a pocket of free volume or void space, allowing the long molecular axis of cholesterol a considerable amount of reorientation (Barnes and Freed 1998) .
With this structural picture in mind, an analysis of the coexisting L o and L d phases revealed by the tie-line field of the SPM/DOPC/cholesterol lipid system can be made. A central tieline of the field connects a L o phase with a high concentration of cholesterol (near composition 1) and an L d phase with a low concentration of cholesterol (near composition 12). The acyl chain structure for this L o phase has the top half condensed in the all trans configuration due to low free volume and slow motion, and the bottom half is expanded due to its higher free volume and fast motion. This is in agreement with a very recent MD study (Plesnar et al. 2012) . The entire acyl chain is predominantly ordered along the bilayer normal. In addition, the headgroup structure of this L o phase is expanded with high off axial rotation and a large range of motion towards the bilayer surface. On the contrary, the acyl chain structure of the L d phase of this central tie-line is disordered, except for the very top which is ordered along the bilayer normal, with fast dynamics along the entire chain. Also, the headgroup structure of this L d phase has a predominant alignment with and motion around the bilayer normal. Furthermore, the difference in thickness between these L o and L d phases is probably high.
As we move toward the critical point from this central tie-line, the acyl chain dynamics of the L o phase changes with composition so that the top expands and the bottom condenses. The alignment of the entire acyl chain with the bilayer normal decreases, but the disordering is greater for the bottom half than for the top half. With this change in composition in the L o phase, dynamics and ordering trend oppositely for the top of the acyl chain (i.e. high ordering, low dynamics), but they trend together for the bottom (i.e. low ordering, low dynamics). Also, as the L o phase approaches the critical point, the headgroup condenses with increasing rotation around the bilayer normal and decreasing rotation along the bilayer surface, while the alignment along the bilayer normal generally increases. This structure of the L o phase is consistent with approaching the structure of the L d phase.
As the composition of the L d phase approaches the critical point, off-axial rotation decreases along the entire chain, but the dominant alignment along the bilayer normal does not change or slightly increases. Also, for the headgroup of the L d phase, the rotation along the bilayer surface increases, while the alignment with the bilayer normal increases slightly. The structure of the L d phase is generally consistent with approaching the structure of the L o phase, but does not yet show the bifurcation of the acyl chain structure characteristic of the L o phase. Moreover, the combined effect when approaching the critical point is that the thickness of the L o phase likely decreases and the thickness of the L d phase likely increases until at the critical point the two phases have the same thickness.
As we move toward the three-phase region from this central tie-line, the change in the structure of the L o and L d phases show characteristics of the L d or L o phase and the gel phase appearing. The acyl chain dynamics of the L o phase changes with composition so that the top expands and the bottom condenses; the alignment with the bilayer normal for most of the acyl chain, while still high, decreases rapidly, except for the end which remains constant. Also, the headgroup of the L o phase condenses with slightly decreasing rotation around the bilayer normal and rapidly decreasing rotation along the bilayer surface, while the alignment with the bilayer normal greatly increases. The structure of the L o phase is consistent with approaching both the L d and gel phases because of the headgroup condensation and the loss of bifurcation of the acyl chain structure. As the composition of the L d phase approaches the three-phase region, off-axial rotation decreases along the entire chain, but the dominant alignment with the bilayer normal does not change. For the headgroup of the L d phase, both rotation around the bilayer normal and along the bilayer surface decrease, while alignment with the bilayer normal increases slightly. The structure of the L d phase is consistent with approaching both the L o and gel phases because of both acyl chain and headgroup condensation with dominant headgroup alignment along the bilayer normal.
The phase diagrams of the DPPC/DOPC/cholesterol (Veatch et al. 2004 ), palmitoyl-SPM/ POPC/cholesterol (Livshits et al. 2010) , and DSPC/DOPC/cholesterol (Zhao et al. 2007 , Heberle et al. 2010 ) lipid systems are comparable to the phase diagram of our system, because of the lipid similarities and the existence of phase boundaries and tie-lines for the L o + L d coexistence region. The closed coexistence regions (i.e. not intersecting a binary system) for all these ternary systems contain a critical point and a bordering three-phase region; however, the location of the critical point and the slope of the tie-lines are different. For the SPM containing systems (palmitoyl-SPM and ours), the mole fraction of cholesterol at the critical point is ~ 20% and the tie-line slopes are ~ 60°, and for the DPPC and DSPC systems the mole fraction of cholesterol is ~ 40% and the slopes are ~ 30°. However, for the DSPC system S 0 parameters of 16PC for two L o and L d phases were qualitatively the same as our observations (16) . The difference between the tie-line slopes and location of the critical point, which are related, between the sphingomyelin and glycerophospholipid systems most likely has to do with the stronger interaction of cholesterol for sphingomyelin than glycerophospholipids. Because of this preferred interaction it takes less sphingomyelin and more glycerophospholipids per mole of cholesterol to form the L o phase; therefore, the tie-lines for the sphingomyelin systems are ~60° (i.e. mole fraction sphingomyelin ~ the same between L o and L d phases) and the tie-lines for the glycerophospholipids are ~ 30°( i.e. mole fraction glycerophospholipid L o > L d ).
CONCLUSIONS
The main objective of this work was to elucidate the dynamic molecular structure of the coexisting L o and L d phases within the SPM/DOPC/Chol model lipid system. The use of 10 different spin-labels labeled along the acyl chain and within the headgroup of phospholipids, as well as a labeled cholesterol analogue, allowed both the hydrophobic and hydrophilic sections of the bilayer of this model system to be analyzed. ESR spectra were obtained at 20 compositions along the L o + L d coexistence curve and fit to extract the dynamic molecular parameters. The analysis was complemented with the known locations of the critical point and invariant points of the neighboring three-phase region, which divide the coexistence curve into the L o and L d phase boundaries. This set of data allowed us to draw three basic conclusions: 1) the condensing effect of cholesterol was indirectly observed, 2) substantial support for the umbrella model was provided, and 3) a continuous transition in both dynamics and ordering occurs in the acyl chains of phospholipids within L o and L d phases approaching and traversing through the critical point.
The condensing effect of cholesterol can be seen in the results for the chain-labeled spinlabels. Essentially, our model for the condensing effect is that the rigid sterol ring of cholesterol (extending approximately from carbon 1 to 10) entropically forces the top half of the acyl chains to adopt more trans bonds as the concentration of cholesterol increases, and the increase in trans bonds causes condensation, while concurrently the bottom half adopts more gauche bonds. The reason against the ethalpic formation of a saturated lipid/ cholesterol compound is that if this occurred there would not be a bifurcation of the acyl chain in dynamics and ordering between the top and bottom. Also, there would be similar trends in dynamics and ordering between the chain-labeled spin-labels and CSL, which we do not observe.
The experimental support for the umbrella model can be seen in the results for the headgroup-labeled spin-label DPPTC. We observed the headgroup of DPPTC, similar to phosphatidylcholines, within the L o phase occupy a greater volume along the bilayer surface than in the L d phase to shield cholesterol from water, as predicted by the umbrella model. In addition, we observed that the much smaller headgroup of SMHEAD exhibits both slower dynamics and reduced ordering within the L o phase than DPPTC. Therefore, in agreement with the model, a larger headgroup size of the phospholipid makes a better umbrella.
In approaching and traversing through the critical point, we observe a continuous transition in dynamics and ordering of the phospholipid acyl chains. When starting from the coexisting L o phase of maximal cholesterol concentration, the difference between the top and bottom halves of the acyl chains decreases in off axial dynamics (i.e. top increases, bottom decreases) and increases in axial ordering (i.e. top constant, bottom decreases) approaching the critical point. When starting from the coexisting L d phase of minimal cholesterol concentration, the off axial dynamics of the entire acyl chain decreases, while the axial ordering of the entire acyl chain is constant or increases slightly approaching the critical point. These two phase structures smoothly and continuously change into one another when traversing through the critical point. Moreover, presumably at the critical point, long-range fluctuations between the bifurcated acyl chain structure of the L o phase and the undivided and cooperative acyl chain structure of the L d phase exist, but we did not attempt to study this.
Highlights
• Molecular dynamic structure of coexisting 3 component lipid phases was determined.
• Distinct differences in behavior of upper and lower part of acyl chain in L o phase.
• The condensing effect of cholesterol on phospholipid chains was inferred.
• Substantial support was obtained for the umbrella model of the L o phase.
• Continuous transition through the critical point in molecular structural dynamics. The tie-line field and L o + L d coexistence curve of the SPM/DOPC/Chol phase diagram. 50 16PC spectra (black dots) and 20 16PC spectra (circles, triangles, and squares) were used in a previous study (37) to determine the tie-line field (black lines), a process that yielded the critical point (star) and the three-phase invariant points (diamonds). Using the critical point and invariant points, the coexistence curve is divided into the L o phase boundary (compositions 19, 20, 1-9), the L d phase boundary (compositions 10-15), and the threephase region (compositions 16, 17, 18 Table 1 The magnetic g and A tensors for the three classes of lipid spin-labels used in this study. The magnetic g and A tensors for the three classes of lipid spin-labels used in this study were obtained from thi literature.
a for X-band ESR spectra the g tensor is not as crucial to the fitting as the A tensor, so values were chosen within observed bounds forthe z-ordered spin-labels , Earle et al. 1994 . Kurad et al 2003 and cyclically permuted forthe x-ordered and y-ordered spin-labels. Chem Phys Lipids. Author manuscript; available in PMC 2013 April 01.
